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Abstract | Authenticating products and documents with security inks is vital to global 
commerce, security and health. Lanthanide complexes are widely used in luminescent security 
inks due to their unique and robust photophysical properties. Lanthanide complexes can also 
be engineered to undergo circularly polarised luminescence (CPL), which encodes chiral 
molecular fingerprints in luminescence spectra that cannot be decoded by conventional optical 
measurements. However, chiral CPL signals have not yet been exploited as an extra security 
layer in advanced security inks. This Review introduces CPL and related concepts that are 
necessary to appreciate the challenges and potential of lanthanide-based CPL-active security 
inks. We describe recent advances in CPL analysis and read-out technologies that have 
expedited CPL-active security ink applications. Further, we provide a systematic meta-analysis 
of strongly CPL-active EuIII, TbIII, SmIII, YbIII, CmIII, DyIII and CrIII complexes, discussing the 
suitability of their photophysical properties and highlighting promising candidates. We 




Counterfeiting is detrimental to commerce, health and society more broadly. Counterfeit 
medicines are estimated to cause on the order of a million human deaths annually and 
international trade in counterfeit goods is projected to be worth ~$1 trillion USD by 2022 1 with 
the proceeds linked to criminal activities.2 A plethora of noticeable and concealed anti-
counterfeiting measures and technologies have been developed to combat counterfeiting, 
including physical measures such as tamper-proof labels, tracking labels, near-field 
communication tags, and security threads. However, many anti-counterfeiting technologies 
read extrinsic labels or intrinsic chemical information using non-ionising optical techniques.3–
20 
Perhaps the most well-known class of anti-counterfeiting labels are luminescent security inks, 
which are commonly applied to bank notes, drivers licences and passports (Fig. 1a–c).9,11,21–23 
The luminescent security dyes incorporated in these inks have many essential features. They 
should be invisible to the naked eye and luminesce brightly when excited with UV-A light, for 
example the 365 nm light-emitting diodes (LED) used in commercial document scanners.24 
The security dyes should be readily soluble for use as inks and retain their necessary properties 
on deposition. They must be resistant toward fading and photobleaching and be thermally 
robust to survive conditions such as the relatively high temperatures (often excess of 150 °C) 
required for document lamination.25–27 Crucially, it must be viable to manufacture security inks 
on industrial scales for widespread application.18,28 Beyond these prerequisites, advanced 
luminescent security inks may incorporate further security features. For example, multiplexed 
emission via differential excitation and time-gated detection (Fig. 1d–f).11,18,21,22,27 Multi-scale 
and multi-modal authentication/read-outs are also desirable, for example by enabling at-a-
glance inspection whilst also incorporating patterning or spectral features that can only be 
confirmed using specialist spectroscopic or microscopic instrumentation. Security can be 
further enhanced by incorporating features that cannot be copied because they result from a 
random process (PUFs) that affords a truly unique label/tag giving a unique authentication 
readout.11,12 In general, the more features a luminescent security ink can incorporate, the more 
secure it will be. 
 
This Review examines the application of a new advanced security ink feature: a hidden chiral 
fingerprint encoded into luminescence by circularly polarised luminescence (CPL). CPL is the 
lesser-known emission equivalent of circular dichroism and is generated from intrinsic chirality 
of luminescent molecules/complexes. It is not possible to replicate CPL without advanced 
chiral chemistry expertise and methods such as chiral high-performance liquid chromatography 
to isolate single enantiomers of dyes.27 Additionally, CPL can serve as an additional layer on 
a document that cannot be detected without specialist optical read-out equipment. Many classes 
of chiral molecules emit CPL to varying degrees (Table 1) but in this Review we propose that 
molecular lanthanide complexes are uniquely suited to serve as CPL-active advanced security 
inks. 
 
[H2] Lanthanide luminescence and security inks 
Lanthanides (Z = 57–71) are f-block elements that exhibit many exceptional and advantageous 
luminescence properties that make them outstanding candidates for CPL-active security inks 
(Table 1). Despite being referred to as ‘rare earth’ elements, lanthanides are not particularly 
rare in the Earth’s crust, and are used commercially, for example as catalysts, magnets, 
magnetic resonance imaging contrast agents and as phosphors for displays.27,29 The exceptional 
luminescence properties of lanthanides arise from their partially filled 4f shell lying at lower 
energy than their 5s and 5p shells, which shield the 4f shell from the ligand environment.30–32 
This is the basis for the ‘lanthanide contraction’, whereby increases in Z are accompanied by 
population of the 4f shell. But these additional electrons do not effectively shield the 6s shell 
electrons from the positive charge of the nucleus, such that the atomic radius of the lanthanides 
diminishes with increasing atomic number.30  The shielding of the 4f electrons has profound 
effects on the optical spectra of lanthanides. When excited, typically with ultraviolet light, 
lanthanides exhibit characteristically narrow and well-constrained ‘line-like’ emission bands 
and emission lifetimes in the ms regime. These bands are assigned to electric-dipole-forbidden 
4f → 4f emissive transitions between orbitals that experience the ligand field only weakly, with 
splittings being on the order of 100 cm−1.33 The forbidden nature of the f → f transitions results 
in the lowest energy excited states of lanthanides having long natural lifetimes.34 Interested 
readers can learn more about EuIII emission spectra elsewhere.31 We emphasize here that the 
influence of ligands can lower the symmetry around a LnIII ion such that the Laporte-forbidden 
4f → 4f transitions become partly allowed and even ‘hypersensitive’ to the co-ordination of the 
lanthanide ion. Therefore, lanthanide luminescence can be harnessed for chemical sensing 
applications.35 
 
Lanthanide complexes have other advantages over organic dyes in security ink applications. 
LnIII complexes exhibit line-like emission with large pseudo-Stokes shifts, minimal self-
quenching and resistance to photobleaching.36 Of particular interest here, LnIII complexes can 
efficiently undergo circularly polarised luminescence (Table 1) in visible and near infrared 
(NIR) wavebands, with each lanthanide displaying a characteristic emission spectrum. EuIII 
exhibits overall intense red emission, TbIII exhibits overall intense green emission, SmIII exhibits 
a less intense overall purple emission and DyIII exhibits less intense blue/green emission.11,37–
40 In contrast, YbIII and NdIII complexes emit in the NIR region.41,42  The key energy levels 
involved in the emission of circularly polarised photons from LnIII are summarized in Dieke 
diagrams, one of which is available for EuIII, TbIII, SmIII, DyIII and YbIII complexes,43 with a 
more comprehensive diagram covering all trivalent lanthanides.44 Additionally, lanthanide 
emission can be multiplexed with other fluorophores to achieve advanced colour selection 
properties. For example, spatial multiplexing of red, green and blue emission creates full-colour 
luminescent images only visible under appropriate illumination.1  Time-gated detection can 
also be used to distinguish long-lived lanthanide emission (ms lifetime) from short-lived 
organic fluorophores (ns lifetimes), enabling time-resolved colour multiplexing and separation 
(Fig. 1d–f).  
 
As we noted above, free LnIII ions have very low molar extinction coefficients for direct 
excitation because their centrosymmetric nature precludes the symmetry-forbidden 4f–4f 
transitions. To meet the demands of security inks, we must prepare suitable metal–organic 
complexes and either isolate them before making the ink or generating them in situ on the 
substrate. Suitable ligands can serve as efficient antennae to sensitize the 4f–4f transitions and 
protect LnIII against exogenous binders.24,45–47 This principle can be extended to incorporate 
LnIII into macromolecular systems such as nanoparticles, nanofibres or polymers to endow them 
with favourable properties.11,48–51 In particular, we now describe how incorporating LnIII into 
chiral complexes can induce CPL as a ‘hidden fingerprint’ — an advanced security feature in 
the already distinct total luminescence spectra of LnIII (Fig. 2). 
 
[H2] Physics of circularly polarised light 
Circularly polarised photons can be generated by various means, including by emission from 
diverse chiral molecules (Table 1) or devices such as LEDs, organic LEDs (OLEDs), plasmonic 
nano-antennas, liquid crystals and lasers.52–55 In the framework of quantum theory, left handed 
circularly polarised and right handed circularly-polarised photons correspond to spin angular 
momentum of +h/2π and −h/2π respectively.56–58 Building on this, linearly polarised light can 
be thought of as consisting of an equal number of left and right circularly polarised photons.58 
Elliptical polarisation can be thought of as various intermediate combinations of circularly 
polarised and/or linearly polarised photons.59 
 
Circularly polarised light can be more simply understood by considering a linearly polarised 
light wave, whose the resultant electric field vector arises from two orthogonal and equal 
magnitude x and y components of a transverse electromagnetic wave propagating along the z 
axis.60 When the x and y components are in-phase, the resultant electric field vector oscillates 
in a single plane at 45° to both the x and y components, resulting in linear polarisation (Fig. 
2a). The phases of the x and y components of the electric field can be manipulated by use of 
birefringent wave plates.61 Wave plates have a fast axis and a slow axis, orientated at 90° to 
each other. In the case of a vertical linearly polarised light wave incident at 45° to the fast axis 
of a half-wave plate (HWP), the phase of the slow axis of the light wave will be retarded by 
180° (λ/2), resulting in the wave now becoming horizontally linearly polarised. Similarly, a 
quarter wave plate (QWP) can be used to convert linearly polarised light into circularly 
polarised light by retarding the phase of the slow axis by 90° (λ/4).62  The resultant overall 
electric field rotates, effectively tracing out a helical pattern as the wave propagates (Fig. 2a).  
Left and right circular polarisation refers to the direction of rotation of the resultant electric 
field vector as the wave propagates.  
 
[H2] Perceiving CPL at a glance 
A limited number of animals can perceive circularly polarised light. For example, stomatopod 
crustaceans and scarab beetles have evolved the exceptional ability to see circularly polarised 
light, which they use to covertly signal to members of their own species.63–66  Despite some 
residual sensitivity to polarised light (manifesting as visual phenomenon such as Haidinger’s 
brushes), the unaided human eye cannot distinguish images formed from light of different 
polarisation states.67,68 Therefore external visual aids incorporating appropriate optical 
components (bandpass filter, QWP and linear polariser) are needed for humans to inspect CPL-
active security inks ‘at a glance’. A bandpass filter enables selection of a wavelength range 
with the required circular polarisation properties. A QWP then converts left and right circularly 
polarised light into orthogonal linearly polarised light states, which are then selectively 
transmitted or blocked by an appropriately orientated linear polariser (Fig. 2b).  
 
At the time of writing, circularly polarised light is most often perceived by members of the 
public when viewing 3D displays through specialist eyewear. In the context of 3D display 
technologies, two separate images are displayed: one rendered in left-handed circularly 
polarised luminescence (L-CPL) and one in right-handed circularly polarised luminescence (R-
CPL). Each of these images can be selectively filtered by specialist 3D glasses incorporating a 
QWP and an appropriately orientated linear polariser in each lens to allow the viewer to 
perceive a 3D image.62 Although the performance of components in low-cost 3D glasses is 
poor relative to laboratory-standard materials, they are likely sufficient to distinguish between 
CPL emission states. Therefore, if adapted with a bandpass filter, such 3D glasses could likely 
be used for cheap and rapid at-a-glance verification of CPL-active security inks, such as on a 
banknote (Fig. 2c–e).  
 
[H2] Applying CPL-active security inks 
CPL-active security inks could be used in a variety of ways to create multi-layered security 
features required by end-user applications. We address them here in order of increasing 
complexity. The first case concerns a single enantiomer of a CPL-active complex applied as a 
homogeneous ink. This security ink would be invisible to the naked eye and under UV-A 
excitation would be indistinguishable from conventional LnIII security inks (Fig. 1a). However, 
inspection with appropriate CPL-analysis equipment would reveal the CPL pattern for 
verification (Fig. 2c–e). Building on this, two enantiomers of the same CPL-active complex 
could be deployed as separate security inks to create multiplexed CPL-active patterning for 
inspection at a glance or with microscopy (Fig. 2c–e). Mixing enantiomers in various ratios 
could create a weighted CPL signal, analogous to blended whiskies.69 More apparently, multi-
colour CPL patterns could feature more than one lanthanide species, such as TbIII complexes 
for green CPL and EuIII complexes for red CPL. As a final layer of complexity, CPL-active 
security inks could be loaded into large nano- or micro-carriers such as nanoparticles to enable 
deployment in micro-scale unclonable patterning by stochastic processes.11,12,70,71 
 
[H2] Quantifying strength of CPL emission 
The fraction of the total luminescence that is CPL is described in terms of the emission 
dissymmetry factor gem (sometimes alternatively denoted glum): 
 
𝑔𝑒𝑚 =  
2(𝐼𝐿−𝐶𝑃𝐿 − 𝐼𝑅−𝐶𝑃𝐿)
(𝐼𝐿−𝐶𝑃𝐿 + 𝐼𝑅−𝐶𝑃𝐿 )
 (Equation 1) 
 
Where IL-CPL and IR-CPL are the intensities of L-CPL and R-CPL emission at a given 
wavelength, respectively. In the limiting cases, gem = 2 indicates 100% L-CPL emission, gem 
= −2 indicates 100% R-CPL emission and gem = 0 indicates net zero circular polarisation. We 
can compute gem values for an entire spectrum but gem values are prone to amplifying noise 
(primarily arising from the CPL spectrum), such we generally report them at specific 
wavelengths/emission bands of interest.43,72  In brief, for lanthanide complexes, high gem 
values in each well-defined ΔJ emission band arise from electronic transitions that are 
magnetic-dipole-allowed (mJ to mJ) and electric-dipole forbidden.43,73 However, it is 
important to note that transitions may have a high gem value yet be poorly emissive; this makes 
it more difficult to measure CPL in the rapid manner required for security inks. Therefore, it 
is important to quantify both the overall emission brightness and strength of CPL emission 
when assessing complexes for CPL-active security inks. To this end, it is first necessary to 
quantify circularly polarised brightness, CPB.29,74 First, total emission brightness (B) is 
defined as: 
 
𝐵 = 𝜀𝜆Φ (Equation 2) 
 
Where ελ is the molar extinction coefficient of a complex at a given emission band, and Φ is 
the overall quantum yield of emission from a complex. CPB is defined according to: 
 






  (Equation 3) 
 
The units of CPB are M−1cm−1. If we consider CPB of an individual emission band we must 






 (Equation 4) 
 
Where ΣjIj is the total emission across the total number (j) of transitions and Ii is the 
proportional emission of transition i. Therefore, we define CPB for a single transition, CPBi, 
as: 
 
𝐶𝑃𝐵𝑖 =  𝛽𝑖 𝐵 
𝑔𝑒𝑚
2
 (Equation 5) 
 
CPBi has been alternatively denoted as BCP, and is reported in units of M
−1cm−1. Herein, we 
use CPB — more specifically, CPBi — as the primary metric to assess candidate complexes 
for application in CPL-active security inks. CPBi values for many different CPL-active 
complexes were recently estimated.74  For convenience, the averages of these CPBi estimates 
for various classes of complexes are collated in Table 1.  
 
In general, lanthanide complexes afford excellent CPBi and gem values. Indeed, a recently 
reported CPL-active EuIII complexe ([(Eu4L4)((R/S)-BINAPO)4] (BINAPO = 2,2′ bis(di-
phenylphosphoryl)-1,1′-binaphthyl) gives rise to a ΔJ = 1 emission band with CPBi 3000 
M−1cm−1 — the highest of any class of CPL-emitter to-date.75 The strongest CPL emission to-
date in terms of gem values arises from monomeric (gem ~|1.38-1.41|, ΔJ = 1) and helical 
aggregates (gem = |1.45|, ΔJ = 1)  forms of Cs{Eu[(+,–)-hfbc]4} (hfbc
− = 3-heptafluorobutyryl 
camphorate) (see Fig. 3b).51,76,77 CPL emission from the enantiomers of the latter complex was 
notably differentiable to the eye at a glance using external visual aids as discussed above,51  yet 
the monomeric form of Cs{Eu[(+,–)-hfbc]4} offers a relatively low CPBi of only ~51 M
−1cm−1, 
which is well below the average (286 M−1cm−1) and median (87 M−1cm−1) for EuIII 
complexes.74,77  
CPBi is generally maximised for anemission band (or often individual transitions thereof) that 
has a high molar extinction coefficient, high emission quantum yield and a modest gem value 
(eq. 5). Unfortunately, bands that have high gem values are not generally associated with high 
quantum efficiencies, so there is a trade-off between gem and CPBi. Whilst both gem and CPBi 
are very useful metrics, they should not be a blunt comparison tool. Rather, the collective 
photophysical and CPL properties of a complex should be considered in the context of a desired 
application. A complex with a large gem value will maximise contrast for enantioselective CPL 
imaging,51,78,79 whereas a complex with high CPBi can provide large quantities of circularly 
polarised photons, ideal for high-throughput rapid CPL verification, such as screening bank 
notes. 
 
[H1] Advances in CPL spectroscopy and imaging 
Although many CPL-active complexes have been developed over the past 50 years, the 
technology used to measure CPL has been somewhat stagnant. In this section, we discuss recent 
breakthroughs in CPL measurement technology that enable rapid, high-throughput, security-
ink verification. 
 
[H2] Legacy PEM-SM CPL spectrometers 
The CPL spectrometers used to collect data for studies reported from the 1970s through to 2020 
operate according to the same fundamentals. These legacy instruments are slow and require ~1 
hour to scan a typical lanthanide luminescence spectrum. They are bulky, unadaptable and 
expensive to build, maintain or purchase (>£100,000).72 They feature a photo-elastic modulator 
(PEM) and lock-in amplifier to convert CP light to linearly polarised light for analysis, as well 
as a scanning monochromator (SM) to spectrally filter light for analysis (Fig. 4a). We thus refer 
to such instruments as PEM-SM-CPL spectrometers.80   
 
Acquiring data with a PEM-SM-CPL spectrometer is slow because SMs scan wavelengths in 
a stepwise fashion and CPL analysis components lower light throughput, which is particularly 
detrimental because of the inherently weak nature of CPL relative to total emission intensity. 
For example, our custom-built PEM-SM-CPL spectrometer requires ~45 minutes to acquire a 
scan of a typical EuIII complex with default scan settings (150 nm spectral window, 1 ms dwell 
time / 0.5 nm increments, 5 spectral accumulations).72 Time-gated CPL measurement has been 
achieved with some PEM-SM-CPL spectrometers,81–85 but only over a limited wavelength 
window, with a poor signal-to-noise ratio (SNR) and substantially increased scan times.86,87 
Given that time-gated measurements are already challenging over a small wavelength window 
we can safely say that time-gated full-spectrum CPL measurements are impractical with PEM-
SM-CPL spectrometers. 
 
Despite the severe drawbacks of PEM-SM-CPL spectrometers, they are likely to remain used 
in academic research because these tried-and-tested instruments and represent a large monetary 
investment. After all, given enough time they can measure very weak CPL spectra, provided 
the sample of interest is robust and not susceptible to photobleaching. However, PEM-SM-
CPL spectrometers are clearly impractical for high-throughput security-ink applications. 
 
[H2] Next-generation rapid-CPL spectrometers  
Recently innovated next-generation CPL spectrometers offer superior performance over PEM-
SM-CPL spectrometers in terms of cost, flexibility/modularity and sub-second time-gated full 
spectrum CPL acquisition. Whilst next-generation CPL spectrometers are not yet commercially 
available, the components required can be readily sourced, making them affordable to 
construct. Further, there is scope for further cost reduction and miniaturisation. Therefore, the 
sub-second measurement capabilities of next-generation CPL spectrometers make them ideal 
for high-throughput verification of CPL-active security inks. 
 
The first next-generation rapid CPL spectrometer was reported in early 2020 (Fig. 4b).72,88 It 
uses linear solid-state (SS) charge-coupled device (CCD) detectors and is therefore referred to 
as a SS-CPL spectrometer. At the heart of the SS-CPL spectrometer is a simple CPL analysis 
system. First, a QWP converts L-CPL and R-CPL light into orthogonal linear polarisations, 
which are then spatially separated into two detection arms by a beam-splitter. The light in each 
arm is analysed by a linear polariser in a high-precision motorised rotation mount and is 
subsequently measured in as little as 10 ms by a linear CCD spectrometer operating between 
400 and 800 nm Time-gating is achieved simply by delaying detection with respect to 
excitation pulses. This SS-CPL spectrometer was benchmarked against an established PEM-
SM-CPL spectrometer, demonstrating improved SNR with perfect agreement to well-
established gem values of Eu
III complexes measured72 
 
A second next-generation CPL spectrometer was reported later in 2020.89 This spectrometer 
was designed to detect NIR emission and is therefore referred herein as a NIR-SS-CPL 
spectrometer. The NIR-SS-CPL spectrometer is based on a fundamentally similar design to the 
SS-CPL spectrometer, in that CPL is converted into orthogonal linear polarised states by a 
QWP and a polarising beam-splitter subsequently converts/analyses L-CPL and R-CPL into 
orthogonal linear polarisation states. These states are then spatially split and fibre optics deliver 
them to a SM for spectral filtering and subsequent detection with a NIR CCD or NIR 
photomultiplier tube. Due to the SM, spectral acquisition takes ~1 s.89  Full operational details 
of the NIR-SS-CPL spectrometer, including calibration, are not available at the time of writing 
and validation of the NIR-SS-CPL spectrometer has not yet been published. This spectrometer 
has been used to measure CPL emission from a helical YbIII complex. Overall, next-generation 
rapid CPL spectrometers are proliferating. The lower limits of their sensitivity are yet to be 
established, but they are more than adequate for measuring and verifying CPL emission from 
LnIII complexes that have gem on the order of 10
−1. 
 
[H2] CPL-contrast enantioselective imaging 
A demonstration of enantioselective CPL contrast imaging came in 2016 with the adaptation 
of an epifluorescence microscope for CPL analysis.27 The necessary modifications were 
relatively simple: retrofitting the detection pathway with a QWP and a selector for two 
orthogonally orientated linear polarisers. This set-up was used to examine enantiomers of a 
complex with strong CPL emission EuL1 (Eu[1,4,7-Tris({4-[2-(4-methoxy-2-
methylphenyl)ethynyl]-6-[carboxy(phenyl)phosphoryl]pyridin-2-yl}methyl)-1,4,7-triazacyclononane] 
see Fig. 3e)] (ΔJ = 1 gem = ±0.11; CPBi = 117 M
−1cm−1) and afforded an enantioselective 
contrast ratio of 3.4:1 — that is L-CPL features were 3.4 times brighter than R-CPL features 
when selected for and vice-versa.27 The study also included a proposal on how to adapt a 
confocal microscope for enantioselective CPL-contrast imaging. Later work demonstrated the 
utility of enantioselective CPL microscopy to image the enantioselective distribution of chiral 
EuIII complexes in living cells.90 For security ink applications, such microscopes could be used 
to analyse micro-scale CPL patterning. 
 
A recent study of enantioselective CPL imaging on a glass substrate used a simple CPL imaging 
set-up to select for CPL emission from EuIII complexes embedded onto a glass surface.78  The 
complex (see Fig. 3g) was generated from {Eu[(+,–)-facam]3} (facam− = 3-
(trifluoroacetyl)camphorato, a β-diketonato ligand) and two molar equivalents of the glass-
forming agent tmpo (tmpo = tris(2,6-dimethoxyphenyl)phosphine oxide),was excited with UV-
A light (365 nm), exhibited a strong enantiomeric contrast (gem = ±1.2, ΔJ =1), and a quantum 
yield of 13%. The individual enantiomers were separately deposited on a glass substrate and 
the solvent evaporated to leave a sun-and-moon pattern by a casting process to create ‘lumino-
glass’. When L-CPL was selected, the sun was brightly visible whilst the moon was dim. This 
pattern was reversed for R-CPL (Fig. 2e). Although an enantioselective contrast ratio was not 
reported, this study is the best example of macro-scale enantiomeric contrast imaging to date 
and clearly demonstrates the potential of advanced CPL-active security inks.78 It is not a large 
leap to envision such techniques being used for at-a-glance authentication of products such as 
high-performance glass (for security or display technologies), or to manufacture visually 
impressive luxury drink bottles.3 Already, human observers can differentiate L-CPL and R-
CPL at a glance from solid Cs{Eu[(+,–)-hfbc]4} because of the strong signal from its 5D0 → 
7F1 (ΔJ = 1) transition (gem ~1.38-1.41, CPBi ~50 M
−1cm−1).51 51 All this requires is passing the 
emitted light through a bandpass filter, QWP and linear polarizer, a set-up amenable to rapid 
verification of CPL-active security inks. 
 
Despite their aforementioned technological limitations, PEMs have been used for quantitative 
CPL-mapping microscopy, although this does require long scan times. Such microscopes have 
been used to examine dyes,91,92 crystals,93 thin films of helical fibres,94 polymer aggregates95 
and interactions between EuIII complexes and amino acids within agar gel substrates.96 PEM 
CPL microscopes certainly have utility as research tools but their slow scan rates precluded 
their use to validate security inks. 
 
Overall, recent years have seen enantioselective CPL imaging with the aided human eye, with 
a simple camera system and with an epifluorescence microscope. Systems to enantioselectively 
image CPL-active security inks are likely to be adapted from conventional imaging systems by 
adding suitable bandpass filters, QWPs and linear polariser elements. These should enable 
convenient enantioselective CPL-contrast imaging. 
 
[H1] Meta-analysis CPL-active LnIII complexes 
The literature was searched for peer-reviewed publications reporting CPL-active lanthanide 
complexes prior to 31st May 2020. Complexes were considered if they exhibited CPL with gem 
≥0.05, excluding CPL from electroluminescence or circularly polarised excitation. Complete 
details of our methodology are provided in the Supporting Information, with key photophysical 
characteristics presented in Table 1. We now survey the emissive complexes, organizing them 
according to the LnIII metal ions.  
 
[H2] EuIII complexes 
EuIII complexes features a non-degenerate emissive 5D0 state, which gives rise to relatively 
simple and distinct emission spectra. The form and relative intensity of the 7Fn → 
5D0 (n = 0–
4) transitions vary with respect to the speciation and symmetry of the EuIII centre, with the ΔJ 
= 2 and ΔJ = 4 bands showing particular sensitivity to the local coordination environment. 
Meta-analysis reveals striking differences with regards to maximum gem values for the four 
main emission bands of EuIII that have not clearly been reported before (Fig. 5a). The EuIII 5D0 
→ 7F1 (ΔJ = 1) band has the potential to generate exceptional gem values as high as ~|1.4| 
because the oscillator strength of the magnetic-dipole-allowed ΔJ = 1 band is generally 
considered to be independent of the ligand environment. In contrast, the ΔJ = 2 and ΔJ = 4 
bands are electric-dipole-allowed and are hypersensitive to ligand perturbation with their 
intensities being proportional to the square of the ligand dipolar polarizabilities. Electric-
quadrupole-allowed transitions (5D0 → 
7F2 and 
5D0 → 
7F4) gain electric dipole strength through 
a quadrupole (on the LnIII ion)-induced dipole (ligand donor group) coupling mechanism. The 
induced dipoles on the ligands result from direct coupling to the electric dipole components of 
the radiation field. Thus, the transition dipole moment of 4f → 4f  transitions is directly affected 
by ligand dipolar polarizabilities and to the anisotropies of these polarizabilities.97–99 
 
Our meta-analysis indicates that the ΔJ = 2 and ΔJ = 4 bands of EuIII complexes are limited to 
gem < ~0.3 and gem < ~0.4, respectively (Fig. 5a). The ΔJ = 3 band, which is magnetic-dipole-
allowed and electric-dipole-forbidden, has a potential to yield moderately strong gem values up 
to ~|0.7| but is by far the weakest in terms of relative emission intensity, limiting its CPBi. 
Therefore, the 5D0 → 
7F1 and 
5D0 → 
7F2 bands are most likely to give rise to the high CPBi 
values necessary for CPL-active security-ink applications. 
 
To our knowledge, only one report describes image contrast of a CPL-active EuIII (EuL1) 
complex impregnated onto a paper substrate (see Fig. 3e).27 The complex chosen has ΔJ = 1 
transitions with a good quantum yield (~50%) and modest CPL (gem = ±0.15 in solution and 
±0.10 on paper) to give a useful overall CPBi of 134 M
−1cm−1. This study was a proof-of-
concept for the wider field, with later work demonstrating enantioselective imaging of CPL-
active lumino glass (see Fig. 2e and 3g).78 We now instead move on to describe examples based 
on their solution photophysical properties. 
 
In solution, several EuIII complexes exhibit the desired photophysical properties for CPL-active 
security inks, such as UV-A excitation and high CPBi values. The
 tetrahedral EuIII complexes 
ΔΔΔΔ-/ΛΛΛΛ-[(Eu4L4)(DPEPO)4] (DPEPO = bis[2-(diphenylphosphino)phenyl] ether 
dioxide (see Fig. 3d).; H3L = 4,4′,4″-tris(4,4,4-trifluoro-1,3-dioxobutyl)triphenylamine, a 
tris(β-diketone)) and [(Eu4L4)((R/S)-BINAPO)4] (BINAPO = 2,2′-bis(diphenylphosphoryl)-
1,1′-binaphthyl) have ΔJ = 1 transitions that afford CPBi of 1122 M
−1cm−1 and 3240 M−1cm−1, 
respectively, the highest values of any known complex.75 These CPBi values are an order of 
magnitude greater than the average ΔJ = 1 CPBi for Eu
III complexes (294 M−1cm−1).74 These 
excellent CPBi values are a result of excellent quantum yields (~70/80%), a high molar 
extinction coefficient for UV-A (395 nm) and modest gem values. Rather unusually, the 
characteristic red EuIII luminescence of this complex was apparent even under standard room 
light illumination. Due to their excellent CPBi properties, these complexes should be 
investigated for advanced security ink applications as a priority. 
 
A recently developed CPL calibration complex {Eu[(4-methoxyphenyl)alkynyl-bpepc]3}Cl3, 
(see Fig. 3c) — an analogue of [Eu(bpepc)3]Cl3 (bpepc = N,N′-bis(1-phenylethyl)-2,6-
pyridinedicarboxamide),100,101 with additional (4-methoxyphenyl)alkynyl substituent on the 
pyridine 4-positions — has a very good CPBi of 102 M
−1cm−1 and 212 M−1cm−1 (ΔJ = 1 and 2, 
respectively) when excited at 365 nm. This arises from a more modest quantum yield but 
excellent excitation and moderately strong CPL emission (gem ± 0.25, 
5D0 → 
7F1; gem ±0.10, 
5D0 → 
7F2).
102 Overall, further work is required to ascertain whether {Eu[(4-
methoxyphenyl)alkynyl-bpepc]3}Cl3 will be viable as a CPL-active security ink on paper 
substrates and more generally, if complexes that undergo dynamic ligand exchange are viable 
on paper substrates. 
 
Cs{Eu[(+,–-hfbc]4} (see Fig. 3b)  is a prominent candidate for enantioselective CPL contrast 
imaging because of its exceptionally strong CPL properties as both a monomer and a helical 
aggregate. 51,76,77 In monomeric form, Cs{Eu[(+,–)-hfbc]4} exhibits  (gem ≥ |1.38-1.41|, 5D0 → 
7F1, 0.6% quantum yield) and favourable UV-A excitation (350–370 nm).
74,76 By controlling 
the concentration  of the Cs{Eu[(+,–)-hfbc]4} monomeric building blocks and a chiral inhibitor 
Eu((+,–)-hfbc)3 (inhibitor), these monomers Cs{Eu[(+,–)-hfbc]4} can be polymerised into a 
higher-order helical aggregate form with a typical length of several microns with improved 
photophysical properties (gem ≥ |1.45|, 
5D0 → 
7F1, 1.0% quantum yield). CPL emission of 
opposite enantiomers of helical aggregates of Cs{Eu[(+,–)-hfbc]4} was so strong as to be 
differentiable by the aided human eye.51 However, regardless of the aggregation state or cation 
used, {Eu[(+,–)-hfbc)]4}
− exhibits a relatively poor quantum yield103 that limits its estimated 
CPBi values to 50.7 M
−1cm−1 (ΔJ = 1) and 59.1 M−1cm−1 (ΔJ = 2).74 Thus, further testing is 
required to ascertain the utility of Cs{Eu[(+,–)-hfbc]4} as a high-contrast enantioselective CPL-
active security ink. 
 
Other promising EuIII complexes combine favourable photophysical properties to give CPBi 
values on the order of 100 M−1cm−1 with UV-A excitation.104,105 CPB or CPBi values have not 
been estimated for many of these and we anticipate that, for example, quadruple helicates 
ΔΔ/ΛΛ-(HNEt3)2[Eu2L4] (where L
2− is a chiral bis(β-diketonato) ligand) with exceptional 
photophysical properties may afford exceptionally large CPBi values.
106 The NMR-shift 
reagent {Eu[(+,–)-facam]3} (see Fig. 3a)  warrants consideration due to its strong CPL emission 
(gem ~ -0.8, 
5D0 → 
7F1) and commercial availability. However, only a single enantiomer of this 
complex is commercially available and its CPBi is likely limited by a somewhat low 
brightness.72,80,107 Other designs may be viable,108–110  one example being the heptanuclear EuIII 
complex salt {Eu⊂[Eu((R/S)-Phbipox)2]6}(OTf)9 (Phbipox− = 6′-(4-phenyloxazolin-2-yl)-2,2′-
bipyridine-6-carboxylato), which features a tetradentate ligand.111 
 
In general, the CPL properties of EuIII complexes have been well studied and numerous 
examples have potential to be incorporated into CPL-active security inks. However, published 
studies typically lack the experimental tests necessary. Indeed, as we noted above, only a single 
CPL-active EuIII species has been measured on a paper substrate.27 Paper deposition tests are 
important because it shows that a complex can be resistant to ligand dissociation and/or solvent 
effects that would otherwise dramatically alter both total and CPL luminescence.102,112 
Nevertheless, more recently developed tetrahedral EuIII4 complexes afford CPBi of ~1000–3000 
M−1cm−1  — values an order of magnitude greater than those of any other EuIII complex.74,75  
Although providing fewer overall circularly polarised photons, the classic salt Cs{Eu[(+,–)-
hfbc]4} could provide exceptionally high enantioselective contrast.
51,74 Lastly, there is a clear 
potential for red EuIII CPL-active security inks that needs to be developed. 
 
[H2] TbIII complexes 
TbIII complexes give rise to a characteristic green luminescence and typically require higher 
energy excitation (λex < 350 nm) than Eu
III complexes because the latter have more accessible 
triplet states (20,500 cm−1 vs 17,200 cm−1). The studies that we considered all reported TbIII 
emission in solution and gem values for Tb
III species are more limited than those for EuIII and 
SmIII complexes (Fig. 5b), perhaps because TbIII is less sensitive to its coordination 
environment.20 CPBi values have only been reported for six Tb
III complexes, four of which 
exhibit relatively low gem values and modest quantum yields. Yet, under the right conditions, 
TbIII complexes can provide very useful CPBi values in excess of 100 M
−1cm−1.74 
 
There are several challenges in developing TbIII complexes as CPL-active security inks and 
choosing an appropriate excitation wavelength is vital. Thus, [Tb(HL2)] (where (L2) is an (O8)
4-
 
-donor ligand, see Fig. 3f) can be excited at UV-A wavebands (350 nm), with very good 
quantum yields (57%) and modest-to-weak CPL emission (gem = 0.08 at 545.8 nm).
113 CPBi 
for this complex was estimated to be 307 M−1cm−1 when excited in the UV-B region (λex = 303 
nm).74 Estimation of CPBi at wavelengths in the UV-A would be useful for assessing the utility 
of [Tb(HL)]. Other TbIII complexes require higher energy excitation in the UV-B or UV-C 
ranges, rendering them unsuitable/impractical for security ink applications.74,114–116 Aside from 
excitation wavelength, the choice of solvent may also effect total emission and CPL emission 
in solution.117 An important and somewhat detrimental feature of TbIII CPL is that multiple 
CPL sign inversions of individual electronic transitions within emission bands is common and 
may reduce CPBi for otherwise promising complexes.
40,118–120 Another notable complex is 
[TbL3]+ (L3 is an (O8)
4-
 -donor ligand), which is UV-A excitable (350 or 373 nm) and combines 
very good quantum yields (63%) with weak CPL emission (gem ± 0.04), leading to an estimated 
CPBi of 195 M
−1cm−1 (λex = 350 nm).
39,74 Despite the aforementioned challenges, chiral TbIII 
complexes may yet be viable as green CPL-active luminescent security inks. 
 
[H2] SmIII complexes 
Complexes of SmIII exhibit a characteristically purple luminescence.39 We found ten studies 
reporting CPL-active SmIII complexes in solution with no accompanying estimates of CPB or 
CPBi. The range of gem values reported are somewhat similar to those for species Eu
III (Fig. 5c). 
However, quantum yields for SmIII species are universally very poor (< 1%) and emission 
lifetimes are short (~30 µs) relative to other lanthanide complexes. 
 
Cs{Sm[(+,–)-hfbc]4} is the only reported Sm
III complex to give very strong CPL emission (gem 
~|1.15|). Its CPL spectrum has many narrow emission peaks and several CPL sign inversions, 
which would limit its CPBi values. Moreover, its excitation was reported at 338 nm, a short 
wavelength that is somewhat unfavourable but that may not preclude security ink 
applications.77 Indeed, the EuIII analogue  Cs{Eu[(+,–)-hfbc]4}(see Fig. 3b)  is excitable at 375 
nm and exhibits a quantum yield of ~1%.76 However, the photophysical properties for the 
analogue Cs{Sm[(+,–)-hfbc]4} have not yet been established. Quantum yields have not been 
reported for several known CPL-active SmIII complexes, which limits the preliminary 
assessment of their utility. 104,121,122 and others require UV-B excitation.40,119 
 
It is fair to say that SmIII complexes are not particularly well developed and often exhibit poor 
quantum efficiencies, which severely limits the CPB values achievable. However, there have 
been relatively few studies of CPL-active SmIII complexes, so future work may yet improve 
excitation wavelengths, quantum yields and CPL emission properties in order to maximise 
CPBi. Further, the relatively short luminescence lifetime (µs range) of Sm
III complexes could 
facilitate intermediate-range time-gated detection between organic fluorophores (ns lifetime 
range) and other lanthanides (ms lifetime range), thereby expanding options for time-gated 
colour dependence and spectral separation. At this early stage, Cs{Sm[(+,–)-hfbc]4} seems to 
be the main candidate of interest.77 However, it seems unlikely that SmIII complexes will be the 
first LnIII complexes to be developed for CPL-active security inks, because EuIII and TbIII display 
more favourable and superior photophysical properties. 
 
[H2] DyIII complexes 
DyIII complexes emit from the blue to the NIR, with luminescence typically appearing as 
blue/green to the eye in solution.39,40,119 We found only four studies reporting CPL-active DyIII 
complexes and CPB or CPBi have not yet been quantified for any of them.
39,40,74,118,119 DyIII 
complexes exhibit emission lifetimes in the range of ~10 µs. 
 
We mentioned above the complex [TbL3]+ of the dianionic O8-donor; this ligand has also been 
incorporated into a DyIII complex that is excitable at a favourable UV-A wavelength (373 nm), 
albeit with very weak CPL (gem = 0.01, 669 nm) from the 
4F9/2 ⟶ 6H11/2 transition. Further, 
[DyL3]+ has a short emission lifetime of 17 µs and a poor quantum yield of 1.3%,39 such that it 
is likely to exhibit very low CPB. Stronger CPL has been reported from [DyL4]3+, a complex 
of the N4O4 donor L, a derivative of the macrocycle 1,4,7,10-tetraazacyclododecane bearing 
four amide groups. However, the 4F9/2 ⟶ 6H11/2 transition responsible for the CPL (gem = +0.35 
(657 nm), −0.41 (665 nm)) here is relatively dim and features several CPL sign inversions with 
the quantum yields being unknown.118 More newly-developed complexes have been excited 
with unfavourable UV-B light and combine poor quantum yield (<0.5%) and weak-to-modest 
CPL properties.40,119 
 
Overall, CPL-active DyIII complexes are in general not well developed. Whilst they could serve 
to provide blue/green luminescence with intermediate lifetimes (~10 µs), they are likely to be 
overlooked in favour of TbIII and EuIII complexes with better and more well-studied 
photophysical properties. 
 
[H2] YbIII complexes 
YbIII complexes typically exhibit luminescence in the NIR region between 900 and 1050 nm 
with weak-to-modest CPL emission. We found five studies reporting CPL from YbIII 
complexes in solution.41,42,118,123,124 CPBi values have been estimated for {Yb(TTA)3(2,6-bis[2-
(3-isopropyloxazolinyl)]pyridine)} (HTTA = 1,1,1-trifluoro-4-(2-thiopheneyl)-2,4-
butanedione) and {Yb(TTA)3(2,6-bis[2-(3-phenyloxazolinyl)]pyridine)}.
123 These complexes 
can be excited with UV-A (365 nm) but the resulting quantum yields are very low (< 0.7%) 
and the CPL very weak (gem = ~0.02). Indeed, CPBi values for the isopropyl and phenyl-
functionalized complexes (5.2 and 2.5 M−1cm−1, respectively; λex = 345 nm)
74,123 are two orders 
of magnitude lower than average CPBi values of Eu
III and TbIII complexes. 
 
The chiral NMR shift reagent [Yb(+)(facam)3]
3+ can be excited with UV-A (360 nm) to yield 
relatively weak CPL (gem = −0.08 at 975 nm), albeit with a very sharp and bright peak, which 
is promising in terms of maximizing CPBi.
42 The quantum efficiency of [Yb(+)(facam)3]
3+ has 
not been reported but this complex, like its counterpart [Eu((+,–)-facam)3]
3+ (see Fig. 3a), is 
commercially available. Commercial availability would be advantageous for security ink 
application and that alone may warrant further investigation into its photophysical properties.  
 
[YbL]3+ (where L, is a N4O4 donor, a tetraamide derivative of 1,4,7,10-tetraazacyclododecane 
bearing substituents with (S)-stereocentres) can be excited in the UV-A region (380 nm) and 
emits weak to modest CPL (gem > |0.10| for the 
2F5/2 → 
2F7/2 transition). However, the CPL 
spectrum featured several sign inversions, limiting the potential CPBi (quantum efficiency was 
not reported).41 Other complexes require UV-C excitation or have unclear photophysical 
properties.42,118,124 
 
We note that CPL-active YbIII species are not well developed. At this preliminary stage, it seems 
that YbIII complexes are unlikely to be developed as CPL-active security inks owing to their 
sub-par photophysical and CPL properties. They may only find use if there is a very strong 
requirement for NIR luminescence, but this also poses problems with the higher cost associated 
with the specialist NIR detectors required with such applications. 
 
[H2] Other metal complexes 
As with many of the lanthanides, CrIII — sometimes referred to as ‘molecular ruby’ — can be 
relatively cheap and abundant,43 and can afford complexes that exhibit CPL at NIR wavebands 
(> 700 nm). CrIII complexes have been reported with favourable UV-A excitation, reasonable 
CPL strength, wide emission wavebands favourable to NIR CPL-contrast and good CPBi (>100 
M−1cm−1; Table 1).74 Unfortunately, reported CPL-active CrIII complexes are very sensitive to 
atmospheric gases, such as O2
125,126; rendering them undesirable for routine security ink 
applications. Lastly, we note that CmIII complexes can also be engineered to undergo CPL,127 
but their radioactive nature makes them unsuitable for security ink applications. 
  
[H1] Conclusions 
The scope and timing of this Review are inspired by advances in CPL measurement 
instrumentation, which since the mid-2010s have included the advent of rapid CPL 
spectroscopy and enantioselective CPL microscopy.27,72 Complementary developments in 
CPL-active complexes have also been reported. Key among these are EuIII complexes with 
optimal photophysical properties — they emit unprecedented numbers of circularly polarised  
photons75 making them ideal for high-throughput screening (Fig. 6). Further, processing 
strategies (for example, the formation of helical aggregates) have been developed to enhance 
CPL emission from already strong CPL emitters, making their CPL eye-differentiable at a 
glance.51 Therefore, we think of CPL-active complexes in terms of two broad classes: those 
which maximise enantiomeric contrast to give high gem and those which maximise the number 
of circularly polarised photons for rapid and high SNR measurements. 
 
Our meta-analysis and survey of the photophysical properties of CPL-active LnIII complexes 
indicate that EuIII complexes are the prime candidates for development as red CPL-active 
security inks, with TbIII complexes also showing clear potential as green inks. At this stage 
there is not a compelling case for SmIII, DyIII, YbIII or CrIII security inks. However, SmIII, DyIII, 
YbIII and CrIII complexes are historically under-studied in comparison to EuIII and TbIII 
complexes. Therefore, some improvements in their photophysical properties may be made with 
future studies that could lead to niche applications. For example, CrIII complexes could be 
deployed in applications where atmospheric sensitivity is of interest and SmIII could provide µs 
lifetime CPL for applications with an intermediate time-gate requirement. 
 
Optimal photophysical and CPL properties are paramount for security inks. In this regard, we 
have highlighted some EuIII and TbIII complexes that should be investigated as red or green 






51,74,76 and TbHL.113 These complexes may not yet be optimal materials but are a good 
starting point for future investigations. Indeed, a number of EuIII  and TbIII complexes could be 
viable as CPL-active security inks and a successful CPL-active complex must overcome a 
plethora of experimental hurdles before it can be incorporated into CPL-active security inks on 
substrates. The main purpose of the security ink should be considered when choosing the LnIII 
complex. Does the application require rapid high-throughput CPL verification (where a high 
CPBi value is of priority) or does the application require maximal enantioselective contrast 
(where a high gem value is paramount)? 
 
We recommend that candidate complexes be readily excitable with UV-A wavebands (for 
example, 365 nm) currently found in pre-existing commercial document scanners. Another 
practical consideration is that cost-effective optical bandpass filters with high transmission are 
not available for all waveband because they are typically made for specific applications such 
as common laser lines or fluorophore emission bands. A lack of an appropriate optical bandpass 
filter, especially for narrow transitions of Tb complexes, could hinder the adaption of pre-
existing imaging/spectroscopy systems for CPL verification if not carefully considered. 
Further, when developing new complexes one should quantify both gem and CPBi because these 
metrics help objective comparisons. As we have seen, photophysical and CPL properties can 
be sensitive to solvents and atmosphere, such that different conditions should be investigated 
for solution studies. Following these studies should come measurement of the emitter 
deposited/impregnated on suitable substrates, which are chosen so as not to substantially 
diminish CPL, for example by multiple scattering of emitted photons. The complexes must be 
robust enough to survive the high temperatures encountered in manufacturing processes such 
as lamination. Finally, the overall complex–substrate–laminate composite would ideally be 
inert towards atmospheric influences and washing with seawater, detergents and solvents. 
 
To conclude, there is now widespread interest in the development of CPL-active LnIII 
complexes. New strategies have been developed to maximise gem and increase CPBi. Optical 
measurement technologies can now rapidly verify CPL signals and perform enantioselective 
imaging of CPL-active complexes. Further, these CPL analysis technologies are becoming 
more cost-efficient and could feasibly be adapted for end-user applications. These 
complementary technological and chemical developments make CPL-active LnIII security inks 
seem genuinely feasible and have enriched the broader field of CPL-active LnIII complexes, 
which is set to undergo a renaissance. 
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ToC blurb 
Several transition metal and lanthanide complexes undergo circularly polarised luminescence. 
This Review describes design principles for the complexes and instruments used to measure 
them, including in the context of security inks. 
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Coordination chemistry /639/638/911 
 
Figure 1 | Security inks featuring long-lived lanthanide luminescence and rapidly emitting 
organic fluorophores. The multi-component, multi-colour ‘chameleon-like’ inks present 
different colours under different time-gating regimes. a | Luminescent security ink features on 
a contemporary United Kingdom passport are clearly visible under 365 nm UV-A excitation. 
b | In particular, the patterned section exhibits green and red luminescence. c | Emission spectra 
of the classified security ink components reveals characteristic wide-band green emission from 
the organic compound and ‘line-like’ red emission from a EuIII complex. d | Three ‘chameleon-
like’ inks, each with a substantially different emission profile and lifetime, are deposited on a 
spherical silica substrate. Modified epifluorescence microscope image and simultaneously 
recorded emission spectra of the red, green and blue fluorophore containing spheres are 
presented (unpublished data).148 With no time gating, red emission from a EuIII complex (of a 
1,4,7,10-tetraazacyclododecane derivative)128, green emission from [IrIII(2,2′-bipyridine)3]
3+ 
and blue emission from trans-stilbene are all apparent. The emitters can be proportioned to 
yield overall white emission. e | trans-Stilbene relaxes quickly, so a 1.5 µs time gate removes 
its blue emission to give overall orange (red + green) emission. f | A 10 µs time gate further 
removes green emission due to [IrIII(2,2′-bipyridine)3]
3+, leaving overall red emission. Such 
verifications would require time-gated illumination and detection apparatus. 
  
 
Table 1 | Overview of CPL-active molecular systems and features most relevant to 
security-ink applications. Diverse materials have been tested, with Ln complexes having 













Ln complexes ~0.1–1.4 (100) Eu (ΔJ = 1): 
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• Strong CPL with distinct fingerprint. 
• Non-photobleaching. 
• Emission lifetime ~1 ms. 
• Versatile functionality. Narrow blue, 
green, red and near infrared emission 
bands. 
• gem up to 1.38 (5D0 → 7F1) for monomeric 
complexes.76 
• gem up to 1.45 (5D0 → 7F1) for 
supramolecular chiral polymers.51 




~10−1 174 • Weak to moderate CPL with enantiomers. 
• Near-infrared emission. 
• Emission lifetime ~1 ms. 
• Sensitive to atmospheric gases. 




~10−1 N.D. • CPL from chiral subunits amplified by 
helicity of nanotubes. 
• Indistinct CPL. 
• Dopant determines optical properties such 




~10−2 5 • Fairly weak and indistinct CPL. 
• Emission colour tuneable. 
• Low (3%) to good (65%) quantum yields. 
• Emission lifetime ~ns  
Ketones80,132 ~10−2 1.1 • Weak and indistinct CPL. 
• Very poor quantum yields (< 0.1%). 
Helical 
polymers133–136 
~10−2 N.D. • Fairly weak and indistinct CPL. 
• CPL determined by chirality of polymer. 
Cyclophanes74,137 ~10−2 68 • Fairly weak and indistinct CPL.74,138 




~10−3 N.D. • Very weak CPL induced by nanotube 
helicity. 
• Indistinct CPL. 





~10−3 47 • Very weak and indistinct CPL. 
• Emission colour tuneable. 





~10−3 N.D. • Very weak and indistinct CPL. 
• Emission colour tuneable. 
• ‘White’ emission possible. 
• Low quantum yield (~20%). 
Quantum 
dots143,144 
~10−3 N.D. • Very weak and indistinct CPL. 
• Emission colour tuneable. 
Proteins145 ~10−4 N.D. • Very weak and indistinct CPL. 
Nanographene146 ~10−4 N.D. • Very weak and indistinct CPL. 
• Emission lifetime ~10 ns. 
• Low quantum yield (~13%). 
Organoboranes147 ~10−5 N.D. • Extremely weak and indistinct CPL.  
• High quantum yields (50–99%). 
• Emission lifetime ~1–10 ns. 
CPBi, circularly polarised brightness for transition i; BODIPY, 4,4-difluoro-4-bora-3a,4a-






Figure 2 | Circularly polarised light and enantioselective image contrast. a | Linearly 
polarised light can be thought of as a superposition of left and right circularly polarised light. 
The x and y components of the electric field vector are depicted as blue and green lines 
respectively, with the resultant electric field vector shown as a red line. b | L-CPL is converted 
to linearly polarised light by a quarter wave plate (QWP). R-CPL would produce an orthogonal 
linearly polarisation state (not shown). A linear polariser can be orientated to allow the linearly 
polarised light to pass or to be blocked, enabling selective analysis of L-CPL and R-CPL. c | 
Depiction of enantioselective CPL contrast at a glance with eyewear featuring a bandpass filter, 
QWP and linear polariser. This example depicts exaggerated features — the complete CPL 
emission (gem = ±2) here yields perfect enantiomeric contrast. d | Enantioselective CPL 
microscopy of EuL1 (the N6O3-donor (L
1)3- is a trivalent tris(pyridylphosphonate) derivative of 
1,4,7-triazacyclononane) on a paper substrate gives gem = ± ~|0.10| and a 3.6:1 enantiomeric 
contrast ratio.27 e | Selective CPL imaging of two enantiomers of {Eu[(±)-3-
(trifluoroacetyl)camphorate]3}, deposited with two molar equivalents of tris(2,6-
dimethoxyphenyl)phosphine oxide on a glass substrate (gem = ±|1.20|)
78. Part d adapted with 
permission from Ref. 27, Royal Society of Chemistry. Part e adapted with permission from 





Figure 3 |  A sub-set of chiral lanthanide complexes discussed as candidates for CPL-active 
security inks. a | Eu[(+)-facam ]3, a commercially available chiral NMR shift reagent which 
has found use as a CPL reference standard.72,80,107 b | Cs[Eu((+)-hfbc)4] exhibits extraordinarily 
high gem values in monomeric (ΔJ = 1, gem = +1.38 to +1.41) and helical aggregate forms (ΔJ 
= 1, gem = +1.45).
51,76,77 c | ΔΔΔ-{Eu[(4-methoxyphenyl)alkynyl-bpepc]3}Cl3, recently 
developed as a UV-A excitable CPL reference standard with good CPBi  (102, 213 M−1cm−1 
ΔJ = 1, 2).102 d|  ΔΔΔΔ-[(Eu4L4)(DPEPO)4], recently developed as a complex with 
extraordinarily high CPBi of 1122 M−1cm−1, e|  EuL1 (the N6O3-donor (L
1)3- is a trivalent 
tris(pyridylphosphonate) derivative of 1,4,7-triazacyclononane) which has been exploited for 
enantioselective CPL imaging on a paper substrate.27  f| [Tb(HL2)], a UV-A excitable Tb(III) 
complex with good CPBi of  194.7 M−1cm−1.  g| {Eu[(+)-3-(trifluoroacetyl)camphorate]3}-bis-
[tris(2,6-dimethoxyphenyl)phosphine oxide] exhibits high gem values (gem = -1.2, ΔJ = 
1),which has been incorporated into a glass substrate for enantioselective CPL imaging. 
 
 
Figure 4 | Next-generation CPL spectrometers have time-gated detection and improved 
SNR relative to legacy CPL spectrometers. a |  Legacy CPL spectrometers are bulky, 
expensive and slow to acquire data. b |  A next-generation rapid CPL spectrometer (SS-CPL), 
can acquire a spectrum in as little as 10 ms. c | Time-gated measurement with the SS-CPL 
spectrometer separates short-lived (~ns) luminescence of rhodamine 6G from long-lived (~ms) 
luminescence from {Eu[(4-methoxyphenyl)alkynyl-bpepc]3}Cl3 ([EuL3]
3+ in the original 
publication) . d |  The CPL spectra of the EuIII complex recovered by normal and time-gated 
CPL measurement are identical. The energy levels associated with characteristic EuIII emission 
bands are shown. e |  CPL spectrum of the NMR-shift reagent {Eu[(+)-3-
(trifluoroacetyl)camphorato]3} as measured with a legacy CPL spectrometer (grey) next-
generation CPL spectrometer (red) demonstrating a dramatic difference in recovered signal-to-
noise ratio at 595 nm (18 vs 148) due to rapid accumulation and averaging of spectra. f |  gem 
estimates from CPL measurements in e. g,h |  Similar to e and f, but measurement of CPL 
emission and gem from enantiomers of {Eu[(4-methoxyphenyl)alkynyl-bpepc]3}Cl3. CPL 
spectra and CPL spectrometer diagrams adapted with permission from Ref.,72, Springer 
Nature; structure and energy levels for  {Eu[(4-methoxyphenyl)alkynyl-bpepc]3}Cl3 
reproduced with permission from Ref.102, Royal Society of Chemistry. . BS, beam splitter; 
CPL, circularly polarised luminescence; gem, emission dissymmetry factor; LP, linear polariser; 
PD, photodiode; PEM, photoelastic modulator; QWP, quarter wave plate; SM, scanning 
monochromator; SS, solid-state. 
 
Figure 5 | Reported gem values for CPL-active lanthanide and CrIII complexes discussed 
here. a | EuIII emission bands for ΔJ = 1, 2, 3, 4 transitions. The ΔJ = 1 emission band (~595 
nm) affords the largest gem values, with the ΔJ = 3 emission band (~654 nm) giving more 
modest gem values. The ΔJ = 2 and 4 bands give rise to a more constrained range of gem values. 
b | TbIII emission bands have a greater propensity to give lower gem values. c | gem values for 
SmIII, DyIII, YbIII and CrIII complexes are shown for all wavebands because fewer examples of 
these complexes are reported. SmIII complexes feature a similar range of gem values to those of 
EuIII complexes but the largest values are ~|1.15| and arise from only a single complex, 
Cs[Sm((+)-3-heptafluorobutyryl camphorate)4], the analogue of the strong CPL emitter 
Cs[Eu((+)-3-heptafluorobutyryl camphorate)]4 (gem ~|1.4|). For a complex to be included in 







Figure 6 | Relative proportion of EuIII gem values reported in the literature for each 
emission band. Each emission band shows a distinct a negative exponential trend as gem 
increases. 
 
